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* The purpose of the test is the evaluation of the soft-soll performance

of & vehicle concepted based on an inclined hemispherical wheel. The per-
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vheels of similar size to the hemispherical wheel and to & c~nventionsl
vehicle of egual payload capaclty currently under development. Testis were
conducted to establish the performence of 1/4 scale models of each of the
vehicle concepts in the large soil bins located in the Land Locomotion
Laboratory. The models were tested in sand and in a sandy loam at three
different moisture contents,

The modélsbwere &lven code designations and are identified as Concepts
A, B, Qnd C. The test results'indioate that Concepts B and C have signi-
ficantly‘better soft-soil performance than Concept A. The performance of
Concepé.ﬁ is equél to that of Concept C. It is concluded that Concept C
does nof offer any improvement in soft-soil perfoxrmance and should not be
cdnéidared a8 & device to improve mobility'on the baals of its soft soil
characteristics,

The recommendations are that Concept C be given no furthexr consideration

for applidation to military vehicles.,

17. INDEXING ANNOTATIOK

Evaluation of soft-=soil performence of & vehiole oonocept. based on

an inclined hemispherical wheel.
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ABSTRACT

The report is concerned with the evaluation of the soft-sofl per-
formance of a vehicle concept based on an inclined hemispherical wheel,
The performunce of the concept was compared to a concept utilizing
cylindrical wheels of similar size to the hemispherice! whee! and to a
conventional vehicle of equal pa}!oad capacity currently under develop~

ment, Tests were conducted to establish the performance of 1/4 scale

models of each of the vehicle concepts in the large soil bins located

in the Land Locomotion Leboratory. The models were tested in sand and
in a sendy loam at three different moisture contents.

The medels were given codé.designations and are identified as
Concepts A, B, and C. The test results indicate that Concepts B and
C have significantly better soft-soil performance than Concept A. The
performance of Concept B is equal to that of Concept C, It is con-
cluded that Concept C does not offer any improvement in soft-soil per-
formance and should not be considered as a device to improve mobiiity
on the basis of its soft soil characteristics,

The recommendations are that Concept C be given no further con-

sideration for application Zo military vehicles,”
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Background: Ihis report is concerned w f thraa

ithothe t::"—'.f‘-g

1/4 scale models of different 5 ton, Cargo Carrier concepts. The
reason for conducting the tests was to obtain an ex.erimental
evaluation of the off-road performance of one of the concepts which
was based on a hemispherical wheel tilted at 30° to the vertical,
This concept was {o be compared to a model having conventional wheels
of 8 similar size &s the hemispherical wheels and to a model of an
8x8, 5 ton vehicle currently under development for military use.

The hemispherical wheel was not new to the Army since the {nventor
had offered it as a solution to off=road mobi1{ty problems on several
occasfonss In addition, & vehicle had been bullt for the inventor
by a manufacturer, and & considerable amount of publicity had been
given the machine. Because of the interest generated in the tf lted
hem{spherical wheel, & coniract was negotfated {n 1957 between the
Land Locomot{on Laboratory and the Stevens Inst{tute of Technology
to conduct a study of the wheel (1).

Tests at Stevens Institute of Technologyt The tests conducted by

Stevens were concerned with en svaluation of the soft soil perw
formance of a hemispherical wheel, rather than of a vehicle equipped
with the wheels. In order to provide a basis for compar{son, two
conventional wheels were tested: one wheel having the same dfameter

and volune as the hemispherical wheal and the second having the same

.
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diameter and width as the hem{spherical wheel, The tests consisted

oft the determination of the relationship between load and static :

sinkage; the relationship between load and rolling resistance; and

the relationship between load and drawbar-pull, In cach case, the
wheals were tested at t{lt angles of, 0°, 15°, and 30°. The wheele
were tested {n two art{fic’al soils: a non~plastic synthetic clay

(Cereclay) and a highly plastic clay-water mixture (Volclay), 5

The conclusiont of the Stevens! test are quoted (1):

0 the basfs of the foregoing (analysis) {t must be con~
cluded that tilted hemispherical wheels provide no advantage over
conventional wheels from the viewpoint of wheel = sofl {nteraction
on soft ground, No improvement can be expected éither in motion
resistance or traction, This {n no way intends to reflect on the
possible advantages or disadvantages of a vehicle equipped with.
hemispheroidal wheels from other viewpoints such as vehicle stabil~
1ty, design considerations, etc,'

The Stevens' tests were necessarily 1imited by the funds avail-
able so that performance in'granular soils was not evaluated, The |
intent of the evaluation was to study the wheel i{iself s0 that ob-
stacle and swimming performance was left to conjecture,

Land Locomotion Laboratory Tests: DOiscussions subsequent to the

Stevens! investigation between the hemispherical wheel 1nvent6r,

ATAC personnel and, at a later date, the Commanding General of MOCOM

~
\
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resulted {n an agreement that the Lond Locometion Laboratory con~
duct an evaluation of a 1/4 scale model of a proposed 5 ton, Cargo
Carirdairs Tho proposed vehicle was a 4xl, sikid sieered vehicie have
ing 72 inch diameter tiited hem{spherical wheels, It was agreed
that a complete test pian woutd be prepared and approval of the test
plen by the inventor would be obtained prior to fnftiation of test-
ing. It was further agreed that the inventor and his technical ad-
visor would be in attendance during the testing to permit changes
to test procedures and the addition of other tests considered neces-
sary by the inventor. The test plan attempted to include the eval~
uation of soft sofl, obstacle, side~slope and water performance of
the hemispherical wheel vehicle concept,

The test program was not completed since the inventor request-
edlthat tha test be discontinued prior to completion of the soft~-
sofl performance evaluation., The obstacle, side-slope and water

performance phases of the test were not inftiated.

OBJECT

The object of this test was to conduct an evaluation of the poten-

off-road performance of a proposed 5 ton, Lxk, Cargo Carrier, The

proposed vehicie 1s unconventional in form because of the use of skid

steering and tilted hemispherical wheels. The evaluation was to consider

a range of off~road conditions to include sand, strong loam, weak loam,

PRty ——— Y




obstacles such as vertical walls, ditches, side slopes and water, The
evaluation was to be accomplished by use of 1/4 scale models of: the
hemispherical wheel concept, a vehicle having cylindrical vheels but
otharwise similar to the hemispherical wheel concept, and a military

5 ton, 8x8, Cargo Carrier currently under developmant. The latter two
vehicle models were to provide criteria to judgé the performance of the
hemispherical wheel,

The cylindrical wheels used in this test were constructed to
simulate the characteristics of conventional wheels, The designation
Y"eylindrical wheel' {s straight forward: the wheel consists of a
section of a cylinder, The running surface of the cylindrical wheel
was formed so that its surface was the center segment of a sphere,
simuiating the '"crown' effe;t observed on a standard pneumatic tire,
The dimensions of the cylindrical wheel were established by agreement
between the inventor of the hemispherical wheel and ATAC personnel —
to produce hemispherical and cylindrical wheels having equal diameters
and volumes. (See Figure 9.)

The results of the test program were to be used as a basis to de-

termine whether the proposed vehicle had adequate potential for further

deelopment.,

SUMMARY
The test program originally scheduled was not completed, An ade-

quate number of tests in sand and loam were completed to permit

BEST AVAILABLE COPY
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. conciusions to be drawn concerning the soft-soil rerformance of the
three models, Any other conclusions that are offered are based on
general observations of the performance of the three models, and very
likely could have been made without benefit of the extensive soft-soil
tests. All references to results, conclusions and recommendatioas will
be made to Concept A, Concept B, or Concept C. Qualified readers are

directed to the code sheet to establish the identity of the concepts,

The drawbar pull-slip test results indicate that there is no
significant difference in the soft-soil performancé of Concepts B and
C. In extremely weak soil, Concept C performed considerably better
than éoncept B when wheel slip was in excess of 75%, At lesser wheel
slip, the two concepts were essentially equal, The improved weak
s0il performance of Concept C is attributed primarily to a more favor-
able belly configuration and a more favorable weight transfer character-
istic, The effect of weight transfer;‘resu1ting from the application of
o4 a drawbar load, can be observed by measurement of vehicle trim angle,

If a drawbar is applied to a vehicle at a point above the line of action

) of the resultant of the rear vheel traction forces, a greater load is

applied to the rear wheels than to the front wheels, The normal result

is that the vehicie sinks further in the rear and a trim angle is as-
sumed. The wheel form utilized on Concept C was shown experimentally
by the Stevens test {1), to develop less sinkage for a given load than

the wheel used on Concept B. The theoretical analysis by Janosi appear-

fik




= ing 10 Appendix A reached the came eanclusion. This meant that for the same

amount of weight transfer, a greater trim angle was assumed by Concept B
k 4 than Concept C. Once a greater trim angle is assumed, the effect of the

drawbar load is increased just as if the drawbar had been located at a

ﬁ higher point on the vehicle., This causes an increase in trim angle-

& and so on. What normally happens in such a circumstance is that the
drawbar pﬁ!l reaches & maximum at a relatively low sinkage and the ve-
hicle assumes a trim angle, The drawbar pull then decreases bacausa

; the motion resistance acting against the rear wheel increases, result-

ing in a lowar net tractive effort to balance the drawbar load, The

characteristic described is important wha:n vehicles are required to

move towed loads. Concept A was inferior te Concepts B and ( in each

of the three moisture contents for the loam tests, There was no differ-

ence in the performance of Concepts B and C in sand; Concept A was

§5 slightly inferior in performance to the other two concepts, The per-
formance of all three concepts in sand can be considered as no bhetter
than average for wheeled vehicles,

Concepts A and B were somewhat underpowered during the joam tests
and or 1B and 19 July, it was not possible to achieve 100% slip con-

aé ditions, For example, on 18 July only one point for Concept B was ob-

:i tained for a slippage in excess of 65%, The gear reduction on all

e : three concepts was {ncreased during the later phases of the test to

assure adequate torgue to davelop the 100% slip condition,




»

-The results of the "free-run" tests* in weak loam did not {ndicate
any difference in performance between Concepts B and C. Concept A
performed so poorly in the initial weak ~501 1 free-run tests that it
was not included in the subsequent tests, The free-run test permitted the
models to operate with no drawbar attached. Performance was measured
by determining the maximum load that was required to produce
fmmobilization in a given soil condition. Both Concepts B aﬁd c
were immobilized by one load and mobile when the load was decreased

by 10%, or fifty pounds in this particular test,

*No drawbar load applied,

7 BEST AVAILABLE COPY
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CONCLUSTONS

On the besis of the brocJar range of soft-sof! tests conducted by
the laboratory, there {s no justification to modify the conclusions of
Stevens Institute concerning soft-~soil performance, The variation in
soil conditions from one point to 2nother was sufficiently great so that
a larger test sample ih comparison to the sand tests was required to
permit one to draw specific conclusions. A statistical analysis of the test
results showed that there was no significant difference in the soft-soil
pérformance of Concepts B and C in any of the soils tested. The analysis als
indicated that Concepts B and C werc superior in perforinance to Conéﬁpt A,

1f one merely examines the test results, the same conclusion is
obvious except for the results of ane test* {in which Concept C isclear-
1y superior to Concepts A and B, Examination of films recording the
tests of that‘day indicate a considerably better trim attitude taken by
Concept C compared to Concepts A and B, However, the results of the
"frce-run" tests in which sofl conditions were quite similar indicated
that the effect of the drawbar-foad transfer was the most tikely source
of difference in performance between Concepts B and €, The superiority
of Concept C in acceptiﬁg a drawbar-load would only be significant when
the concept was usad to pull & towed load in very woak soil conditions,

It is concluded, therefore, that Concept € does not offor any ad-
vantage over Concept B. Both Concepts B and C are capable of consider-

ably better performance than Concept A, but this conclusion does not

*(See Figures 25 and 26 for 18 July 63)
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s 5 ton, Cargo Carrier because off~road performance {8 obtained at the

sacrifice of 'load carrying ability.

It {s further concluded that Concept C'does not'represent a useful

" solution to fulfilling the mil{tary requirement for a 5 ton,Cargo Car~

rier. This conclusfon {3 reached because of a combination of reasonsi

a. The concept requires skid steering unless the vehicle is
articulated, However, the proposed concept assumes skid steering which
cannot be considered as an efficient method to steer a vehicla,; If the
concept were modified to accept articulated steering, the steering ef
ficiency would be improved but the soft-soll performance would be no
better than a conventional wheel of similar dimensions,.

bs If the prototype vehicle is to be useful, 1t {s mandatory

that the wheels used on the concept be suspended, It cannot be safd that

it {s impossible to suspend the wheels used on Concept C. It also cannot

be said that the mechanism for suspending the wheels used on Concept C
will be as simple as that used for Concept B, If a unique compoﬁent
requires increased mechanical compiexiéy, it is essential that the {in-
creased complexity be reflected by a proportional improvement in per-
farmance. Concept C does not promise such a proportional increase in
performance.
c. The form of Concept C does not adapt 1tse1flta a cargo

carrying roles Unless bulk ca}go is carried, it Is spparent that the

center of gravity of the vehicle wil] be raised by the available area




L
FL; ,  for cargo stowage, Once the center of gravity {s raised, the stebiiiiy
%@. characteristics of Concepi ¢ aie ieduced.
E Concept C was carefully examined for its potential in the 500 pound
i load class to fulfill the remote area vehicle role, A rough layout was
.;E made to examina the possibiiities of the concept for such a role, The
e results were disappofnting sfnce the stabil{ty was cons{derably com-
”Lé promisad by a high center of gravity when loaded and by a relatively
: . narrow tread width. Even in the 1ight-weight category examined, a
A rudimentary suspensfon would be required since ft is highly question~
abte that pneumatic running surfaces on the wheels util{zed by Conceptv
:T?E - C would permit the wheel flexibility required *o provide good off-road
performance,
£

1t could be argued that the potential of Concept C as & remote

area vehiclie {s equal to that of other remote area vehicle fdeas that

have been tried, The model of Concept C was considered as a 1/2 scale
“;; model of & 500 pound carrier in order to make an analysis of a remote
: area vehicle. The analysis indicated that the concept was not prac-
‘;ﬁ tfcal.
i
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RECOMMENDAT IONS

It {s recommended that no further effort be expended in the evsl-
uation of Concept C. The concept offers no potential in the heavy
category of vehicles on the basis of soft-soil performance since it
does not provide mobility that cannot be achieved by means of conven-
tional suspensions. When realistic center of gravity locations are
sssumed, the stability of the vehicle is not significantly better than
conventional vehicles. Because of the latter pojnt and because of the
unfavorable cargo stowsge area, the céncept does not have potential

as & medium or 1ight weight vehicle,

-
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THEORETICAL ANALYSIS1

A major portion of the theoretfcal analysis appears {n Appendix
A prepared Ly Mr. Z. Janos{, Chief of the Theoretical Land Locomotion
Mechanics Section. Janosi's analysis {s concerned with a description
of the behavior of the tilted hemispherical wheel. The analys{s of
the perform. .. of conventional wheels has been published by Bekker
(2) and Janosi (3), among others, and 1s an accepted pa}t of the
literature of land locomotion mechanics. '

When comparing the performance of the hemispherical wheel con-
cept to‘that of & convent{onal wheel, 1t was necessary to develop a
set of’aheel-soil equations specifically for the hemispherical wheel,
The equations that have been derived to describe conventional whee!
performance assume a cylindrical wheel form. Thus each point across
the face of the wheel i3 at a fixed sinkage and the only point to point
varfation in sinkage is along the contact length. When analyzing the
tractive effort, sinkage, or motion resistance, 1t 1s relatively simple
to integrate over the surface of the conventional wheel since the
forces only vary in one direction, 1.e., with depth., The problems of
the conventional wheel can be reduced to two-dimensfional. at worst.
However, when looking at a hemispherical wheel, the computations are
much more complex because the point to point sinkage varies both
along and across the contact surfa;e. Thus, for the hemispherical
wheel {t 1s necessary that surface integrais rather than area in-

tegrals be evaluated. It is quite reasonable to evaluato surface

12




{ntegrals but the resulting expressions do not Iend themsalves to
ready visual analysis, It is necessary to conplete a set of calw
culations for both a hemispherical and conventional wheel and compare
the results in graphical form.

Tha bas{s for comparing soft soil performance {s normally taken

as the drawbar pull-weight ratio plotted against wheel slip. In or-

der to simplify the computations the performance”of the hemispherical '

and conventional, or cylindrical, wheels was predicted on the basiQ

of maximum drawbar-pull versus weight. However, in or der to examine

the characteristics of the hemispherical wheel 1n detail, the loadw

sinkage, motion reéistance-weight tractive effort-weight‘curves were

prepared in addition to the drawbar-pull-weight ratio versus weight
curve. The soil used in the analysws can be considered as a strong,

purely frictionai material having the foIlowing strength parametersx

c = 0
g = 38°
k = 0
c ;
k",:u.s
n = 075
K = ' 1

The load-sinkage relationships for the two wheels {s presented

in Figure 1. The sinkage of a conventional whee! iz given by the

equation (2)4

13
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2
r 'Ry _|2n+l

‘ =-'_(3-n)(k + b k’{) 46_,
[+

and for the hemispherical wheel by Equation 29 in Appendix Ai

L g n+ 1

k D 1
Yo = TterT) (n 2 Nz, =0 ]

The results of these computatfons shown in Figure 1 indicate that
the hemispherical wheel does not sink as much as a convent{onal
wheel for a given load. At loads less than 150 pounds in the soil
selected there 1s no particular difference between the two wheel |
forms, If @ weaker soii had been chosen for the analysis, the
difference in the load sinkage curves would have cccurred at o
lowar wheel load and if a stronger soil had been used, the difference
would be evident at a higher load. chever,.the curves shown in Fig.
1 indicate that the hemispherical wheel hn% equal or less sinkage
than a conventional wheel for any load,

The motfon resistance is proportional to the sinkage so 1t is
logical that the hemispherical wheel is shown to have lower motion
resistance than a conventional wheel {n Figure 2, The motfon re~

sistance for a conventional wheel is given by the Equation (2):

ntl
- (kc + b kﬁ)(z)

<

n o+

which when combined with the sinkage equation produces: .
2 nt2 v
R = ! [3 ¥ J TR
¢ 2 nt2 | D
(3-n)c " +'(n+l)(kc + b l<'«{),jm'-“$l

pe




The equation to predict motfon resistance of the hemfsphcrfcnl

wheel is given byt

k 2-n, I3 i
R=nrt1ND (3 (20\2 +(z,) (=,
n /2 |

3
- %-l.(zo) kzl\l ]

There does not seem to be any great significance to Figure 2 since
the load-sinkage curves imply that the motfon resistance of the hemi-
spherical wheel should be equal to or less than that for a convention-
al wheel, However,‘Figure'2 indicates that the motion resistance of
the hemispherical wheel is significantly less than that of a cylindri-
cal wheel throughout the range of weights selected. If only Figure
1 were examined, it would be reasonable to conclude that the difference
{n motion resistance would not appear until a wheel ioad of 150 pounds
was reached, This apparent dizagreement between the two sets of curves
results from the fact that the sinkage of the hemispherical {s taken
as the sinkage of the lowest point of the wheel {n contact with the soil,
The "average'' sinkage of the wheel is approximately one~half the sink-
age of the lowest point. The motion resistance is taken as proportion-
al to the work involved in compacting the scil to the depth of the
wheel sinkage, Since only a sinéle point on the hemispherical sink§
to the maximum value computed, the wheel compacts less soi! and thus
produces less rolling resistancemthan the.dyfindrical wheel,

In order to compute ‘the tractive effort of both wheels, a

graphical solution was devised by Lt. Col, A, D, Sela, This solution

15 BEST AVAILABLE COPY




appears as Graph No, 1 and {s based on the determination of a
"mean coefficient of ¥riction', The coefficfent of friction was

defined as the ratio of the soil shear strength and normal pressure:

-1
F = 'g' = (%-\-tan l")(l ...,'-K)

The mean coefficient of friction for a given displacement, jx' {s

then given by:

The value of jx is established by the wheel contact length and slipt

3y, =14

Contact length for conventional wheel = w)c = ND 2 -z

D z -z2

L]

Contact length for hemisphericafwheel = (,Vg =

[
’
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In using Grsph No. 1, & value of z  1is selected and the load
establ{shed from Figure 1. The contact lengths, Qc and J?h' are
computed and the desired slip rate selected, Having the siip rate
and contact length values it is possible to solve graphically for
the mean value of t* . The lower portion of the graph is entered
with the ordinate, Qc, and the intersection of Qc and the curve
for the selected slip rate determined. The abscissa of the inter-
sectfon of .Pc and the slip rate is the value of 1& Since K
was taken as unity in this example, the abscissa 1s“;;erefore'jx.
Entecing the upper portion of the graph withAthis value of jx’ the
intersection is found between jx and the curve representing the
solution of the equation for F . E for the cyifndricalvwheel is
the crdinate of the intersection between jx and the curve., The pro-

cess {s then repeated using the value of £ to find P' for the

h
hemispherical wheel,

The load required to produce the assumed sinkage had been'ob-
tained at the outset from Figure 1, “The gross tractive effort {s '

then taken as: -
H = p.w

The results of a graphical solution using the‘soil_selected appear

in Figure 3. The results indicate that the cylindrical wheel de-
velops a slightly higher tractive effort than the hemispherical wheel
in the soil selected and at a slip rate of 60% This slip rate was

selected since performance at a slip rate in excess of 60% is not
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considered to have practical signfficance. This result {s not sur-
prising since the tractive effort was taken to be proportional to
the contact length for a given load. Since the sinkage of the
cylindrical wheel {s greater for a given load, the contact length
is greater and thus the tractive effort is greater,

The result of prime interest is, of course, the drawbar pull-

load ratio as a function of load. This curve is shown in Figure 4

and indicates that the performance of the hemispherical wheel is
slightly better than that of the cylindrical wheel in the soil selected.
The difference in the ratios for wheel loads less than 800 pounds is
less than 0.03 which produces a maximum dif%erence in predicted performance
of 15% (OPM), The range of wheel loads used in the test were 200 pounds
or less, Figure b indicates that the predicted performance of the tws
wheels is essentially the same for both wheels, It is doubtful that
an eighteen inch diameter wheel would be loaded in excess of 40O pounds,
The difference in performance between the two wheels at that load is
of the order of 11% which cannog be considered as a ;ignificant
performance improvement,

The analysis of the hemispherical wheel and the cylindircal
wheel assumed the wheels had equal diameters and equal volumes. The
wheel dimensions were taken equal to those used on the models in
‘order to eliminate any possible error 'due to size effects, The

4

‘results of the analysis as indicated in Figures 1 through 4 show
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that, on a theoretical basis, there is no reason to expect any

significant difference in performance between the two wheels, The

test results confirm the results of the theoretical analysis as

~will be shown later in this report,

by
.
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TEST MATERIAL

Yhe matarial for this test consisted of three 1/4 scale models
of 5 ton truck concepts. Each model is described in detaf! below:

a. 1/h Scale Model of & Current 5 ton Truck: This model,

shown in Figure 5, was powered by means of four 1/2 horsepower electric
motors, The original gear reduction was 140 to 1, but this was later
increased to 225 to | in order to achieve 100 percent slip conditions
in all soils tested. The model was 66 inches long and 24 inches wide.
Pneumatic tires, 3-1/2 inches wide and 11-3/4 inches 1n'diameter, were
mounted on standard go~kart wheels. The tires had a standard truck
tread and were operated at a pressure of 35 psi so that each tire be-

haved as @ rigid wheal, The weight of the model! without load was 275

pounds.

Steering was provided by means of conventional Ackermann steer-
ing of the two front sets of wheels., Since one of the other models
did not have & provision for steering, the steering capabfility was not

used,

b. 1/l Scale Mode! of Hemispherical Wheel Concept:t This

mode}, shown in Figures 6 and 7, was powered by two 1 horsepower

motors with a gear reduction of 300 to 1. The gear reduction was later
increased to 360 to 1. The model was 38 inches long and 27 inches wide.
The original wheels, as shown in Figure 6, were 18 inch diameter hemi-

spheres tilted at 30° to the vertical. One half-inch depth grousers
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were attached at 18° intervals and oriented at 30o to the vheel axle,
The surface was painted aluminum with the ex<eption of a 1/2 inch wide
rubber running surface for operation on non-deforming soit, These
wheels were later c.,ated with rubber in order to m?et the request of
the wheel inventor, and the grousers were axtended to includc?gil
areas of the wheel expected to be in contact with the soil, This second
set of wheels is shown in Figure 7. The uniocaded weight of the model
was 225 pounds. Skid steering capability was incorporated in the model,

but was not evaluated in these tests,

c. 1/4 Scale Model of Cylindrical Wheeled Vehicle: This

model, shown in Figures 8 and 9, was powered by four 1/2 horscpower
motofs with an original gear reduction of 266 to 1, The gear reduction
was later increased to 355 to 1 in order tc assure reaching the 100 per
cent slip conditions in all soils to be used in the test, The model
was 40 inches long and 24 inches wide, The orig{nal wheels, shown in
Figure 8, were 8 inches wide and 15,6 fnches in diameter, The wheels
were constructed of wood and & tread was cut in the surface to approxe
imate the non-directional, standard military mud and snow tread, The
wheel size was es blished on the foilowing basist The diameter was
taken as the '"offectiva! dia&eter of the tilted hemispherical wheel
from the relationship Deff = 0 cos 30°; the width was taken so

that the volums of the cylindrical wheel was equal to the volume of

" the hemispherical wheel, )
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- _The whee! described above was ahiectad ta hv tha {nventar of the
hem{spher{ical wheel on the following groundst

a., The surface of the conventional wheel was different from

the surface of the hemispher{cal wheel.
b. The tread on the conventional whee! was not realistic and
different from that on the hemi{spherical wheel.
cs The wheel shape was not correct since the running surface
Ei was at 90° to the wheel sides rather than the top surface being convex
as on an actual tire.
s, de Tbe wheal form was incorrect in that the wheel diameter of
the conventional wheel should be the same as the overall diameter ‘of the
hemispherical wheel, The width of the conventional wheel should have
been taken as that which wouild produce an equal volume as the han{splier=-

jcal wheel,

‘f As a result of these objections raised by the inventor of the |
;f hem{spherical wheei, 8 second conventional wheel was constructed that
‘; would meet his requirements. Both the hemispherical wheel and the conw
} ventional wheel were coated with rubber and had similer grouser config-
,E urations as shown in Figures 7 and 9. The wheei size was changed to an
- 18 inch diameter and 6 inch width., It should be emphasized that there
" was no agreement that the original wheel was not satisfactory. The

inventor was obviously adamant {n his demands., Even though the lab~
oratory engineers contended that the changes would not significantly
change the test results, the modifications were made, It was also

pointed out that the increase in wheel diémeter would likely result {n
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. a slight fncrease in performance even though the diameter increase was

accompanied by a width decrease, Figure 10 {s a photograph of a com-
mercially available tire having a similar form and tread as the original

wooden wheel. Figures 11, 12 and 13 are drawbar~pull versus slip curves

. to show the equality in performance of the two wheels used on the mode],

The performance of the two wheels in sand can be considered as represent-
ing a significant difference., The poorer performance of the Qooden wheel
can be attributed to the difference in tre#d since performance in sand'
{s inversely proportional to the aggressiveness of the tire grouser,
However, even though the rubber coated grousered wheel performed'some;
what better than the wooden wheel, the difference even in sand was not
enough to modify test results or conclusions., The performance of the
two wheels in loam can only be considered as fdentical.

The unloaded wefght of the model was 325 pounds. No provision was

made for steering.

TEST EQUIPMENT

The test equipment utilized for this test.consisted of soil, sofl
bins, soil processing equipment, power supplies and controls for the
models, wheel slip measurement equipment, data recording equipment and
a dynamometer for the measurement of drawbar-pull. A description of

these varjous {tems follows:
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a, Soil: Two soils were used in the test progrem: & well-
graded sand and a sandy loam, The mechanical analysis of the two soils
is fncluded as Figures 14 and 15, The sand was in the uncompacted
state with a density of 0,06 pounds per cubic inch, No attempt was made
to control the moisture content since experience has indicated that the
moisture content does not vary significantly with changes in humidity.
Stight variations in the soil processing proceuu-e produce much greater
differences in soil properties than does the natural variation in mois=
ture content. The soil values of the sand during the test are given
in Table !,

| It was desired to conduct tests at three levels of moisture con-
tent irn the loam., It was anticipatecd from previous experience that
precise control of the moisture caatent within normal limits would be
extremely difficuit. Therefore, ranges of moisture content were select-
ed rather than specific values, This approach would require a greater
number of tests for each moisture content range to obtain valid resuits.
It was thought that the alternate approach of controlling moisture con-
tent precisely would, in fact, be more time consuming than the addition-
al tests. The ranges of moisture content selected were 22 to 24 percent,
20 to 22 percent and 16 to 20 percent. The properties of the sandy loam
are less sensitive to changes in moisture content at values less than
20 percent so the wider range was considered justified. The s0i1 values

of the loam are presented in Table 1,
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the loam tesis. Tne s0ii processing equipnent sn
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moisture to the soil were developed for tests in which large wheéﬁs ar
full scale vehicles would be utilized. Although it is not possible to
fgnore varfations in sofl properties completely for a full scale vehicle
test, it is poséible to conduct valid tests without completely homoge~
neous soil conditions. A full scale vehicle normally operautes in a
large enough soil mass so that soil conditions are averaged, If a sample
of soil values is obtained, the avemge of the samples can be used to
predict or describe the averaged performance as produced by the measure-
ments, When conducting scale model tests, one must either have homoge-
ncous soil conditions or conduct a larger number of tests. The soil con-
ditions were not homogeneous and varied sufficiently throughout the
longth of the sail bin so that one could not formulate an opinion con-
cerning the performance of any model untii a large number of tests were
completed, |

b. Soil Bins: 7Two soil bins were used in this test, One
bin, shown in Figure 16, is 12 feet wide, 5 feet decp and 100 feet long.
The bin is filled with U feet of Mason sand, A dynamometer carriage is
mounted on the bin and rides on the side rails, The carriage is towed
by a chain drive mounted on the side of the .ins which also acts as a
Igck arrangement for the carriage. The dynamometer, bower supplies and
controls, and recording equipment are mounted on the carriage. The come

pleto test setup is shown in Figure 16,
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The second soil bin, shown in the left background of Figure 16,
fs 12 feet wide, 5 feet deep and 120 feet long. The bin contains 3
feet of loam, 6 inches of gravel and 6 {nches of Mason sand, The sand
"and gravel which comprise the bottom two layers of materfal are required
to ease the addition of water. Water fs added to the so{l by means of
a network of pipes on the bottwym of the bin which serve to add and re-
move water to and from the bin, The same dynamometer carriage was used
on both the sand and the loam bin,

¢. Sofl Processing Equipment: The soil processing equipment

used for the sand consisted of a simple rake arrangement and a mold
board shown in Figure 17, The procedure for processing the sand con-
sisted of a single pass with the rake to loosen the sand and el{minate
any ruts. The rake was removed &and a single pass made with the mold
board to smooth the sand surface,
The sofl processing equipment forlthe loam bin {s shown in Figure

18, The device shown is & gyrotiller similar to agricultural equip~
ment used to elimingte hard pan in cultivated sbfl. The gyrotiller
1s satisfactory for eliminating ruts, loosening éompacted sofl, and '
removing hard pans but {s not effective as a device for the thorough

mixing of soil,

d. Power Supplies and Controls: Power was supplied to all

three models through the controi devices shown in Figure 19. The con-
trol panels are shown {n the right side of the photograph. The panel
on the far right controlled Concepts A and B, The panel to its im-

mediate left controlled Concept C, In both cases, control of power to

-
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the models was achieved by means of rheostats, The power source was &
110 Volt A.C. line fed into the carriage by means of overhead bus barg
which can be seen {n the upper right hand portfon of Figure 16,

e. Data Recording Equipment: All drawbar-pull and siip data

were recorded on a standard 6 channel paper recorder. The recorder and
amplifiers are shown in the left hand portion of Figure 19,

f. Oynamometert The dynamometer is shown in Figure 20, A
load cell,;nof shown in photograph, was connected between the load
cable and the model under test. The dynamometer operated as followss
the loading cable was connected tolthe model, and as the model moved
forward, the cable caused a rotation of the drum to which {t was attached.
The drum was connected directly to a geér box which stepped up the speed
and was connected to a hydraulic pump by means of a pulley arrangement,
The output of the pump was fed thFOugh a8 pressure regulating valve which
acted as a load control. The output from the control valve was returned
to en oil reservoir which also fed the pump. The control valve operatedA
by changing the size of an orifice so that the valve was sensitive to
the rate at which the cable unwound. It was not possible to place a
predetermined drawbar-load's{nce any particular valve setting would
give 8 reading that was dependent on the rate at which the model was |
@ov{ng. The device had proven adequate during previous tests, How-
ever, {t was demanded that each drawbar test be conducted in &n identical
bay 30 that the dynamometer was a>constant source of frustration, If
cach test had to follow an-identical procedure, the technician control=-

ling the dynamometer could not be sure that an adequate drawbar-pull

ty
.
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versus siip doetermination was obtained, If extensive modei testing
were anticipated, it would be wise to resort to a gravity dynamometer,
Thig system i{s considerably more clumsy than that used in the test but
doe§ not require a knowledge of standard test procedures on the part
of participants or observers,

g. Slip Measurement Equipment: S$lip was measured by heans

of tachometer'generators'mounted on the models and a micro-switch mounted
on the dynamometer. The tachometer.generators were attached to the drive
shafts of the models and measured the whcel revolutions permitting the
determination of the theoretical distance travelled, The micro-switch
provided a measure of the actual distance travelled by a mode1 by...

counting the rotations of the dynamometer shaft,

TEST PROCEOURE

Since the test procedure consists of a fairly complicated set of
steps, cach step will be described separately, Upon completion of the
description of each component of the test procedure, a general discus-
sion of the overall test is presented.

a, Soil_Preparation:
{a}) The sand was processed before each test series
by making one or two passes with the rake mounted on the dynamometer

carriage. The sand was then leveled using the mold board mounted on
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the dynamometer carriage.

(b) Compaction of the sand wus not attempted due to
the difficulty in obtaining unfform resultx from the compaction of such
a large soil mass,

2, Loam Bint The proced:re for preparing the soil in the
loam bin wes concerned with two problems: .the soil had to be processed
to produce uniform, repeatable conditfons, and moisture content had to
be controlied.

(a) Moisture Content: The procedure, in general,

consisted of the complete saturation of the soil mass by adding and
draining water from the bottom of the bin, A standard garden hose was
connected to the wate; {nlet and water fed into the bin at a slow rate
in an attempt to spread water evenly throughout the sofl, Water was
added uncil 1t was standing on the sufface of the sofl and then drained
from the bin by means of the installed drafnage system. Once drainage
stopped, the sofl Qns processed and moisture samples taken, Moisture
samples were taken at the surface and et a 6 inch depth. Moisture con=
tont was estabiished by weighing the sanple and container, drying the
sample in the laboratory oven untfl no further weight change was ob-
served and recording the initial and final welghts. The container
weight was determined in order to establish the soil weight. ‘The mois-

ture content was taken asi

: W, -W

Ma_-¥a) g .
Wy

% Mofsture =
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wheret Vw = wet weight of sample

Wg = dry weight of sample

In each moisture content determination, nine surface samples and
nine samples from a 6 inch depth were obtained to assure that an average
value of the mofsture content could be determined. The procedure to be
followed in the control of moisture content was specified in the test’
plan but was not followed exactly due to a variety of reasons. The
original procedure began with the complete flooding of the sofl bin,

If the moisture content was found to be in excess of 24%, the soil was
to be processed and al jowed to sit for efght hours, processed again and
new moisture determinations made., Once the moisture content had reached
a point between 22 and 24%, the soi!l bin was to be covered with a plastic
sheet to prevent further evaporation. A series of tests were to be run
at the 22 - 24% moisture content level and the sofl then allowed to dry
out to 18 ~ 20%, The evaporation r;fe was to be increased by repeated
processing of the soil. Once the moisture content was reduced to ap-
proximately 20%, the soil was to be processed and drawbar tests run,

The procedﬁre was then to be repeated with a new moisture range of 16
to 20%. Due to changes in test procedures, mode! failures, and other
unforeseen events; 1t was not possible to follow the schedule of vari-
ation of mofsture content. An attempt was made to start testing with ~
the sof1 at high mofsture content and obtain lower moisture contents

by means of‘bvaporatipnﬁand processing of the soil. As fndicated by

fy
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Table 2, 1t was not possible to follow such a schedule, The moisture
contents used did not fit the precise ranges that had been originally
agreed upon because ft was not possible to allow sufficient time for

the sofl-water system to reach equilibrium.j That is; a'given amount of
water will affect the properties of soil differently if the sofl pro-
perties are determined soon after the water {s added, or if a consider-
able lapse of time is provided. Because this was the first "productf on
line" test that had been conducted by the laboratory, it was often dif-
ficult to determine the best course of action to follow in varying sofl
properties. The usual test procedure allows adequate time for equf!ibrium
conditions to be reached since the personnel conducting # test can reduce
data while awaiting for the‘sofl'and water to be properly mixed. Since

a rigld schedule was attempted, the sof] properties rather than moisture

content were taken as the guide.

(b) Soil Processing}ﬁ;'ln order that soil conditions

could be as reproducible as possible, strict adherence to a set pro-
cedure for soil processing was required, The fojiowing'method was used:
The gyrotilier was mounted on the dynamometer carriage. The first pass
was made on the north side of the bin‘with west to east direction., Only
one such pass wasﬂmade, and the tiller was liftedffrom the éarriage at
the east end of the bin. The carriage wﬁs returned fo the west end of
tﬁe bin and the ti1ler again mounted on the carriage. The second pass
was made with'th; tiller located so that there was a slight overlap with

the previous pass, A singlafpass'was:agaihlmade from west to east, The
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processing was repeated until the complete sof] bin was processed,

It was found that five passes constituted one mix., If:.the soil was
_processed for a run as opposed to processing'for mofsture control, the
sofl was covered with plasfic 1f testing was not immed{ately scheduled,
The subseqqent mix begdn at the south side of the bin with an east to
west direction, The direction of pfocessing the sof! was reversed for
each mix so‘that'the‘qxpe;imentallgntfs wolld. be more homogenous, |

(c) Soil Value Measurement: The soil values were

measured by means of the carriuge mounted Bevameter shown in Figure 20,
Both sinkage and shear soil .values were obtained by means of a random
- sampling procedure. Circular plates of 6 inches, 8 inches and 10 {nches

in diameter were used to determine the sinkage parameters and normal

loads of 40, 60, 80 and 100 pounds were used to obtain the shear parameter;

~(d) Determination of Model Weight: The test weight

of each model was determined in such a way that the test results could
be considered to be valid for the ful. scale profotypes of tﬁeﬁvehicles.
Since all of the modelsAwerq.con;truqted to be modgis of 5 ton vehicles,
it was felt that a reasonq?]e:basis for comparison of performance would
be the scaled-up perform&nce ofvthe‘prototype, ‘In order to estabiish
the weight to be uséd,IWQ‘weraﬁfaced with the problem that we had to
scale up performance, = Aiaimensfpnélfpnllysig reveals to

us that normal scaling {s pot.posgfble if_soiis‘other than pure sand or
pure clay lre.gsed,:_xhg following prppbsftion was thefefore mades the

performance of the full scale vehicle can be computed usfng sofl-vehicle

!
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- “retetionships developed by the laboratorys the performance of the
scele model can also be computed using the same relationships., 1If
the computed performance of the model 1s equated to that computed
performance of the prototype, {t should be possible to establ{sh the
relationship between model size, 3011 conditioning and model weight,
This approach was considered necessary since all of the parameters
of the prototype are fixed and the soil properties are measured and
fixed so that the only possible parameters that could be varied were
model parameters. The geometry of the model {s fixed so the only

ressonable varfable {s the model weight, The performance {s {denti~

fiad by the drawbar-pull ratio which {s taken ass

- H-R

W W

wheret - OP = Drawbar-pull
W = Vehicle weight
H = Gross Tractive Effort \'

R = Motion Resistance

The gross tractive effo;'t and the hotion resistance are both
functions of vehicle geometry and soii conditions. Knowing the pro=

totype character{stics and the soil conditions, {t {s possible to

; DP
compute the o= for the prototype, If the performance of the

mode] {s to be scaled up, ihe SE- of the model must be the same as

the prototype, - .
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in order to establish the model wefght, the following procedure
was followad:
op
1o The soil values were measured and the g~ for the pro~

totype computed by the equation (2):

. -l ) ‘ v .
o H=R - 3 D cos 2z |C + tan 4] .
R LR o ERlURE E"ﬁ' —j

z n+}

3 [z
(3-n)(n+1) \/:

wheret 0 = Wheel diameter
be = Wheal width
z = Wheel sinkage

n = Exponent of sinkage

=
|14

S5ot! proportionality constant = (;E + &d )
¢ = Cchesion
f = Angle of internal friction of soil
2. It was required thats
5 = @
mode prototype

3¢ In order to find the vehicle weight, a trial and error
solution was used, The value of Sﬂ for the model was known ynd
411 the variables in the equation to determine the 32- were Known
except the sinkage, It would have been possibie to solve the 8ﬂ

equation for the sinkege but this would have required computerr program-

ing and soTution or vast ti1al #nd error procedures, Therefore, & value




e

for the weight was assumed and sinkage’ comﬁutedefu?om the equations

[

: 2
» o A S
z = |bkyD(3 - n)

DP

With the computed value of sinkage known,the Tj equatfon was solved,

Assuning that this solution did not produce the proper value of \%E'

DP
for the model so that 1t was not equal to the = computed for the

prototype, a new value for the model weight was assumed, The sinkage

z, was again computed end the gf- was recomputed, This procedure was

repcated until a close agreement was achieved between the mode! and

1
prototype 3—2-—5- .

A different mode! weight resulted for each soil condition in
which the models operated since the values of ¢, 4, k and n changed
for each soil, It was not possible, for example, to compute the
mode! weights for operation in 'sand and maintain these weights for .-
other soil conditions., The result ar' this approach would be that
only the perfo‘rmance of the models could be co:ﬁpared rather than the
performance of the prototypes and the models.,

As the tests progressed,.git was fouﬁd that the weight required
to permit the scaling-up of performance became so large that {t was

foared that the models would ﬁail due to overloading. ‘A reverse

N FVL
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procedure to that described above was used, That is, a model weight
was arbitrar{iy selected and the 6pernt1ng weight of the prototype
computed, The test results would tﬁen be translated to prototype
performance by means of a connection factor. Instead of'plotfing
prototype drawbar-pull weight ratio versus slf{p, the 2%' would be
connected by a factor of ;i . W, was taken as the actual proto-‘
type payload as represented by the test results and Wy was the rated
payload of 10,000 pounds. o o |

(e) Drawbar-Pull and Siip Measurement:

(1). Drawbar-Pulls The drawbar-pull was
measured by means’ of a hydraulical ly operated dynamometer. The
dynamometer consisted of a load cell, cable attached.to lrdrum, a
control valve, a hydraulic pump or motor, and an of! reservoir. The
operation {s as follows: A pintie was mounted on the rear of each
vehicle located so that the load transfer at a trim angle of 5° was
approximately the same for each model. It was necessary to follow
this-procedure since the location of the center of gravity was differ-
ent for each model making a single ratio of pintie hefght to wheel
diameter impractical., A load cell was mounted direct19 to the pintle
and the drawbar cable attached to the load cell, . The load cell read-
ings were recorded on a standard six-channel recorder mounted on the
dynamometer carriage. The drawbar cable was wrapped around the drum
and rotated the drum.as the mode] moved forward. The drum axle was

conpected to a hydraulic pump that pumped fluid from the reservoir

ES
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through a flow control valve and back to the reservoir. By restrict-
fng flow through the control valve, various loads could be applied to
the cable,

The procedure for applying the loads was as follows: The models
were st;rted on a test run with no load applied by the dynamometer,
The noload condition was held for five seconds., At the end of five
seconds, the first load incremenf was applied and held for five sec-
onds, The load was {ncreased at five-second intervals until approx-
imately 100% slip was reached. The load increments were applied by
turning the control valve to index marks installed on the valvé“to in-
dicate the load, However, since the dynamometer was sensitive to load
rate, the index marks actually only indicated the closing of the valve
by a fixed amount rather than load increment,

It was considered that the dynamometer may have been the source of
apparént anomalies in test results which were observed when the soil
was very weak. The lpading procedure was modified by test personnel;
the technician operatingvthe dynamometer observed the record of the

drawbar readings and changed the settings of the control valve when he

was satisfied that the drawbar load was constant for a long enough period -

to determine slip conditions. Careful observations of the behavior of
the models  indicated that the “apparent malfunction {n the
dynamometer was in fact a result of load transfer because of the
drawbar. That 'is, as the drawbar-load was increased, the models as-.
sumed 8 large trim angle which ingreased the rolling resistance due

to sinkage of the rear wheels, As the trim argle 1ncreas§d, the

~
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drawbar-load required to ﬁuintlin equilibrfum with the net tractive
effort developed by the mode! decreased in a direct proportion to
the increased rolling resistance, Once & large trim angle was as-
sumed, the soil was too weak to permit the model to climb out of {ts
rut even though the drawbar-load was reduced. Once this was estab-
lished, the original method of applying the drawbar-load was again

used,

(2) S1i{p Measurement: Wheel rotatfon was

measured by means of a tachometer generator mounted on the models with
the output of the generators recorded on the six-channel recorder.

The rbtation of the wheel permitted the computation of the theoreti-
cal distance travelled., The actual distance travelled was measured

by means of a micro-switch mounted so that the -atation of the cable
drum was recorded. This racord appeared as a series of pips on the
recorder. Since the paper speed of the recorder was known, and the .
angle of rotation of the drum between each pip was known, {t was
possible to determine the actual distance travelled. The slip was

then determined from the relationships

'S¢ =S
1:(—1...———&-

Sy

"

vheres St .. Theoretical distance

s = Actual distance .,

From

5 est AY?




(f) General: By and large, the test procedure establ{shed
in the test plan was followed in the conduct of the soft sofl tests. The
soil was processed as the first step followed by measurement of the sofl
vaiues and collection of moisture samples. The soil value data were
reduced and model weights determined. Once the model weights were
established, testing was started, Random sampling techniques were used
to measure sofl values, obtain moisture samples, and to conduct the
drawbar-pull tests. Great care was taken to assure that no ordered
effects crept into the test results due to test procedures,

However, to assure that test techniques remained consistent, a test
team was established which permitted each task to always be accomplished
by the same technician or engineer. For example, one engineer reduced
sofl value data so that any error due to data interpretation wouid
affect each test in the same way, The same technician always applied
the drawbar load, another always operated the instruments, etc.

The test schedule was essentially abandoned because it was‘found
to be overly optimistic coocerning failure of equipment and uniformity
of test results, In;testing full scale vehicles in the bins 1t had
been found that it was quite simple to conduct tests in the loam at high
moisture content. As has been indicated eisewhere in this report, great
difficulty was encountered in the conduct of the loam tests. This
required a considerable amount of reruns in order to obtain an adequate
sémple size to assure {identification of any statistically significant

differences in performance, '
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produced the effect of skid steering.,

The average mofsture content on 26 July was 24%. The soil in the
west end of the bin was stronger than that at the east end and similarly,
the soil on the south side of the bin was stronger than that on the
rorth side. The bin was divided into‘three twenty-foot sections begin-
{ng approximately twenty feet from the west end in order to avoid the
weak sofl in the east end of the bin. It was agreed that the test would
consist of a Go-No-Go determination in which Go was defined as  negoti-
ating 10 feet of the 20 foot course. A more appropriate measure would
have been an upper limit of wheel slip as the criterion for success-
ful operation. It was also agreed that each model would operate in
cach test section in order to eliminate the effect of variation in soil
strength between the various test sections,

The results of the free-run tests are shown in Table 3, Only six
runs were made on 26 July due to the failure of the drive shaft of Con-
cept L. On the basis of the limited free-run tests of 26 July, one
could conclude jncorrectly that Concept C was considerably better
than Concept A or B, Concept C negotiated the full twenty feet of its
ffrst run at a maximum slip of 31.5%., Concept A was not able to negoti-
ste any of the test sections. Concept B negotiatecd more than one-half
_of one test section at a maximum slip of 83%, Although it is likely
that Concept B could have negotiated the complete test section, a slip
rate of B3% is so high that the vehicle can be considered as immobil-

ired. It should be pointed out, however, that the tests of 26 July

L Reproduced From
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wueral cases. the modele wera nnt anaratad at tha correct waight to

produce prototype performance at rated payload, In those cases a
DP W
corrected plot is given 1n the form of __. _8P wvs,. Siip in which

W We
W fs the actua! payload and th is theoretical payload, {.e.,

ap
10,000 pounds. (See Figure 31)

a., 16 July 633 The tests on 16 July were conducted in the
loam having a moisture content of approximately 22%, Concept A appeared
somewhat underpoweirad as it could only develop 50% siip as shown in
Figure 21, Th. averaged results shown in Figure 22 indicate that all
three modeis performad equai'y well. There is 60 reason to expect that
the performance of Concept A wouid have worsened relative to the other
two concepts if adequate power had been available.

b. 17 July 63: The tests on 17 July were made in the foam
with a mdsture content of 22,7%. Again, no significant difference in
performance between any of the three concepts 1s seen in either Figure
23 or Figure 2k, The soil was slightly weaker so that 100% slip was
a:hieved by Concept A, The slight improyement in Concept B over
Concepts A and C at high stip rates is not significant,

Co ié July 63: The tests on 18 Julylwere conducted in the
loam having @ moisture content of 21.3%. Concept C performed consider
ably better than Concepts A or B, as shown in Figures 25 a d 26, The
results of this test indicated the favorble reaction of Concept C to
drawbar load transfer to the rear wheels.. Since the wheels on Con;ept

€ did not sink as much as those on Concept B for a given 1oad, the

L1
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= _ performance was considerably better in this particular sofl condition,
The lesser sinkage of the rear wheels provides for an fmproved per-
formance in at least three waysi the vehicle assumes 8 lower trim
angle so that {t does not have to ''climb as great a siope'; the rear
wheels do not develop as much motion resistance; and the effect of a
given draﬁbar load 1s not {ncreased because of the trim att{tude.

5 It should be observed, however, that Concept € does not show a signi-
ficant {mprovement over Concept B until a slip rate in excess of 50%
e is reached,

d. 19 July 631 The tests on this day were run in the loam
o -wfth a moisture content of 19.7%., The soil was strong enough in bear-

ing sirength so that the effect of load transfer due to the drawbar was

»

minimized. As seen {n Figures 27 and 28, the performance of Concepts

% ;7:51’:' %‘ o

B and C were the same and both were significantly better than Concept A,
e. 22 July 63t The mo'sture content on 22 July was 17.9%.

The results obtained on 22 July were essentially the same as on 19 July

as shown {n Figures 29 and 30. The comments for 19 July are also ap-

propriate to those of 22 July. An inspection of the results for

the two days would {ndfcate that the velues of the drawbar pull-ratio

E are somewhat higher on 22 July, This {s due to the fact that the

- weights used on 19 July for all of the models were arbitrar{ly reduced

for the tests on 22 July because it was evident on 19 July that the

models were overloaded, The corrected resuits for the prototype per~

formance appear in Figure 3.
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f. 24 July 631 The tests on 24 July were run in Oitawa Sharp
sande The results shown in Figures 32 and 33 {nd{cate no difference in
the performance between Concepts B and C and that both concepts perform-
ed better than Concept A,

ge 25 July 63t The moisture content of the loam was 24,9% for
the tests on 25 July., Although differences in performance are shown in
Figures 34 and 35, they cannot be considered significant since analysis
fndicated that prototype performance would be zerc in this soil condition.
That {s, the model weight selected was such that the scaled-up prototype
weight was less than the curb weight of the prototypes. The analysis
also indfcated that the full scale vehicles could not have operated in
the soil condition tested, The test of 25 July, therefore, was {nter=
esting but of no significance to this program,

he 2 August 63t The moisture content of the loam was 20.7%
on 2 August, The test results shown in Figures 36 and 37 {ndicate no
difference in the performance of Concepts B and C, Both toncepts are
shown to be better than Concept A, Howaver, the corrected curves
shom in Figure 38 indicete minor differences in the performﬁnce among
any of the three models. This is partly due to the fact that the ar-

bitrary waights selected produced an overload on Concept A as compared

to Concepts B and C., All three concepts were overioaded but Concept

A had a relatively higher cverload, The soil was sufficiently strong

to permit the overload without a deterioration in performance,

1« .Free-Run Tests: The free-run tests were conducted on twe

15 |




dayst 26 July and 5 August, The tests of 26 July were not completed
because Concept U broke a drive shaft us ii began 4tz second run. Howe
ever, the results obtained on 26 July wi1] be discussed briefly before
the complete test conducted on 5 August is described.

(1) 26 Julyt The froe-run tasts were conducted in the
loam bin with a high moisture content, It had been found by experience
that 1t was more difficuit to obtain uniform soil conditions at very
high moisture contents, because extensive mixing was required in order
to achieve uniformity. The additional mixing of the soil was necessary
because water tended to concentrate at several spots in the soil bin
due to channels that had developed in the sand and gravel at the bottom
of the bin, When water was added to the bottom of the bin through the
pipe network, it would fiow into the bin through the channels. This
produced concentration of water at various points thrcoughout the bin
which could be eliminated either By allowing water to cover the soil
for several days or by thoroughly mixing the soil, The soil process-
ing equipment available at the time of the test was designed for elime
inating hard pans and for local mixing of the soil. The equipment did
not perm{t the movement of soil from one point to another so that when
a particu1§rly weak spot developed due to excessive moisture, it would
remain weaker than the surrounding soil after mixing had been completed.
The weak spots were identified and attempts ware made to aveid them but
this was not very effective since the models had no directfonal control,
If one set of wheels encountered weaker sofl, the model would turn in

the direction of the weaker soil since the variation in tractive effort

LL



produced the effect of skid steering.

The average mofsture content on 26 July was 24%. The soil! in the
west end of the bin was stronger than that at the east end and similarly,
the soil on the south side of the bin was stronger than that on the
rorth side, The bin was divided into-three twenty-foot sections begin-
fng approximately twenty feet from the west end in order to avoid the
weak soil in the east end of the bin, It was agreed that the test viould
consist of & Go-No-Go determination in which Go was defined as  negoti-
ating 10 feet of the 20 foot course, A more appropriate measure would
have been an upper limit of wheel slip as the criterion for success-
ful operation. It was also agreed that each model would operate in
cach test section in order to eliminate the effect of variation in soil
strength between the various test sections,

The results of the free-run tests are shown in Table 3. Only six
runs were made on 26 July due to the failure of the drive shaft of Con-
copt C. On the basis of the limited free-run tests of 26 July, one
could conclude fncorrectly that Concept C was considerably better
then Concept A or B, Concept C negotiated the full twenty feet of its
first run at a maximum slip of 31.5%. Concept A was not able to negoti-
ote any of the test sections. Concept B negotiated more than one-half
_of one test section at a maximum slip of 83%. Although it is likely
that Concept B could have negotiated the complete test section, a slip
‘rate of 83% is so high that the vehicle can be considered as immobil-

ired, It should be pointed out, however, that the tests of 26 July
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cannot be consi{dered as val{d since Conceptlc only operated {n one
test section and Concepts A and B only operated in two test sections,
In addition, the objective of the free-run test was to establish what
max{mum weight could be carried by one of the models and have {t capable
of negotiating all three test sections. The model that could carry the
greatest payload would be considered as superior in this test to the
other two models. In conducting the test {t was anticipated that welghts
would be removed in fifty pound fncrements until one model could negoti-
ate all test sections. It'was not anticipated that the max{mum mode!
weight would be established for &ll three models.
(2) 5 August 63: The soil was at a moisture content of

23.1% on 5 August, and water had been added to the surface during soil
processing. This resulted in better controi of moisture content so that
reasonably uniform seil conditions were available for the tests, It
was determined that only Concepts B and C would b; tested and that only
two test lanes would be used, The section of the bin having the most
uniform conditions was divided into two twenty-foot long test sections.

The test reSUfts'are given in Table 3 and it can be seen that both
concepts were immobilized when operating at a total weight of 500 poﬁnds.
Although both of thé models were able to negotiate several jnches more
ﬁhan one~half of the test section at least once, the maximum slip rate
was in excess of 95%. This. means that if the motors could have oper-
ated at.heavy loads for a long enough period, the models could have‘

negotiated the complete test sections. But one can hardly consider
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neqotiating weak sofl at a slip rate of 97 to 99% as good performance.
1t wds, and is concluded, therefore, that the models could not negoti-
ste the test section at the 500 pound weight.

The weight was reduced to 450 pounds on both models and then both
were able to negotiate the test section with no trouble, The average
~sximum slip rate for Concept B was 51% and fér Concept C it was 57.5%.
7erformance at these slip rates can be considered ''good' in w;ak soil

conditions., No attempt was made to further define the maximum wefght

that could be carried by the models,

To summarize, the test results show that Cbncepf B and C are
rasentially identical in soft soil performance as indicated by Table
4, Occasionally Concept B performed better than Concept € and vice-
verda, In almost all cases, however, Concepts B and C performed con-
siderably better than did Concept A, Concept C demonstrated that it

way less sensitive to the effect of a drawbar 1oad because of the more

favorable load-sinkage relationship of the wheel used on the.concept.
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*ACCURACY OF RESULTS

Soils usually exhibit considerably greater random varfation in
properties than most experimental materfals. This random varfation {s
assoc{afed with the size of the experimental units and the spacing or
distance between pofints at which measurements are taken. 1In agricul«
tural research 1t has been found that much of this random varfation can
be associated with the rows and colums of a field layout of the exper-
imental units. Hence, {t {5 helpful to utilize experimental designs
which remove or isolate these row and column components, In this test
program {t was found that a Youden Square or an incomplete Latin Square
provided a suitable plan for laying out the test strips fn the large
sofl bins. Generally, three replicates of this plan, or six triais of
each vehicle, were carried out to obtain estimates of model performance.
Appendix B dfscusses the analysis of this experinen{al design and of fers
an interpretation of the results,

Table 4 presents a summary of the anaiysis of the tesf data. This
“table presents the coefficient of variation of the méan for each ex-
periment (three replicates), the mean di fference in performance for
model comparisons, and a probability for the observed resuits (dif—
ference) or a more extreme result (greater differerce) under the hy-
pothesis that the true @ifference is zero. The latter, zero difference,
{s equivalent to stating that the models being compared are equal in

performance,

*This Section prepared by Dr, E. H, Jebe O
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The coefficient of variation is & general measure of the repeate
o5i 1{ty of the observed results, {.e., the standard deviation of the

resn divided by the mean value {tself,
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JQAﬂ“¢<

DATE

[-]
, 28 - 29 May 0
| 15 July 7.5
' 16 July 3.3
! 17 July 7.0
j | 18 July L,o
19 Juty 9.9
f 22 July 324
i 24 July 0
' 25 July 5.5
l 26IJuly 0.75
i 31 July 9.0
f 2 Aug 7.8
| 5 Aug 2,02
I 6 Aug 7.87 |
) 9 Sept 0.15
[ 10 Sept 5,25
; 19 Sept 6.0
i 20 Sept 8.25

TABLE 11 SOIL VALUES
k# n e tan J
k.5 0.77 0 0.813
3.0 0.8 0.4 0.425
1.5 0.74 0.1 0.51
0.94 0.67 0.5 0.44
k.5 0.54 0.5 0,54
L,3 0.b45 0.45 0.615
0.3 0.8 0.43 0459
4,5 0.77 0 0.813
0 0.57 0.25 0.215
3.65 0.50 0.6 0.35
2,1 1,08 0.38 0.73
1.55 1,39 0.5 0,61
2,1} 0,51 0.L43 0.195
1.27 1,04 0.68 0.37
3.8 1,28 0.82 0.55
2,75 1,31 0.52 0,67
2.8 0.83 0.L45 0.47
0.65 0.96 0,68 0.35
90




W——-{ - - T R S N T e T =T - T
- - TABLE 2: MOISTURE CONTENT .
-
DAIE MOXSTURE CONTENT RAMGE
28 - 29 May Negligible (Dry Sand)
15 July 18.5 ~ 21.4
16 July ) 21,1 - 22,9
]7 July 2].1 - 23.“
18 July 20,6 - 22,7
*’ { 19 July 18,6 - 20,7 ! H
‘ 22 July 18,7 - 21.0 |
@ | 24 July Negligible (Dry Sand)
- 25 July 24,2 - 25,4
‘ " 26 July 22,7 - 26.2 ‘
:
o / 31 July . 18.9 - 22,3
i 2 Aug 19.0 - 22,9
,\"@ 5 Aug 2.1 - 24,6
6 Aug 21,6 - 24,k
N 9 Sept 15,2 =~ 16,3
. 10 Sept - 6.5 =~ 18,5
] . 20 sept 17.5 - 18-5
7 i
|
R
| :
| 91
| f




., |
| . TABLE 3.
i (b : ) SUMMARY OF FRFE RUNS
0o l
‘ ' Date: 26 July 1963
» ‘ : RUN NO.  VEWICLE WEIGHT GO%* *© NO GO DIST.  AVER. MAX. REMARKS
Lo b CONCEPT Lbs. TRAVELEG SLIP  SLIP
o ! | ¢ 500 + - 200 7 22%  31.5%
" 2 B 500 - + 8 1" 96%  9T%
g 3 A 700 - + B - - Stalled
4 B 500 + - 12" 56%  83%
s 5 A 700 - + Lgn - - Stalled
i’? . : 6 c 500 - + e - - Shaft broke
L '
; i“ Dates 5 Auqust 1963
P 1 B 500 - (I L L O
‘ '7" ‘ 2 c ‘500 - + 81950 gh,5% 98.2%
. l 3 ¢ 500 - + 7' 90.5% 98.8%
4 ! 4 500 + - 11 5 95%  99%
o '| 5 B 500 . + 9110,5" 97% 98,3% Pulied to
R . the right
S !
_ 00 + ~ 10% 6.5  90.2% 98% Motor over-
b 6 C g heated
: 7 c 500 + - 10% 1.5 72%  9%%
| 8 B 500 - + gy 84y 98%
. q 9 B Lso + - 191 3V 32.5% 62X
L=
10 c L50 + - 181 6" 43%  BO%
M c Lso + - 18! 6" 30%  35%
17 B 450 + - 20! 284 Lo.5%
‘ *More than 10 ft, of travel )
" |
|
..""“ \
L
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- culust

*APPENDIX A,

The sinkage 1s calculated from the equation of equilibrium of the
vertical forces, To develop this equation one has to sum the verticai
components of the go!l reaction force-elements, The normal pressure is

expressed by Bekker's well known equation: (4)

p’k}n o.ocnnno;uc(i)

According to Figure 1.:Ag
} L 3 Zo T T T T T T T S R (2)

The equotibn of a sphere 1s:

D 2
F= x2 + y2 + 22 -(3)

0 .O LI . L] . . . (3)

Where D {s the diameter of the sphere.

The equation of equilibfdum of the vertical forces is obtained by
integreting p cosj? over the bertinent surface region, The result has
to be equal %o the load, W, which is the only active vertical force on
thé wheel, To evaluate the above integral we use the following ex«

pression, which can be found in any standard textbook on advanced cal-

k2 ap 2 apl &
W o=gf peosy Jisz) + () + (53) ‘S_EF l N O
.S :

*Prep.rgd by 7. Janosi,

ol




- \

. using tquation 3, Equation 4 becomes the foliowings
LN

| \ 1) ass p COET /42 + yz + 22 Ii-l dx dy * ¢ o o ¥ & (5)
S
2

But according to Equation 3, the expression under the radical s (g) s 30

D
wrss PCO!‘P -—2-- dXdy 0000!0.-.0(6)
$ 1z\

It will be convenient to transform Equation 6 to cylindrical coordinates,

According to Figure 2:A%

X = 'g‘ ‘ an‘f cos 0 I EEEEE (7)
D .

y = '2' sin ‘[‘ sin @ o s 0 0 0 0 (8)
) .

z = . '2" Ccos ‘f « ® 8 & & & @ (9)

We nead the following Jacobfant,

J(x, y) .0 cos* cos 8 - siny sin @
3‘(?."&)_'_5 cosf’ sin @ sin¥ cos §

vhich turns out to be: b 2 :
. ('f) “s'ln b cos )0

Using Equations 7, 8, 9 and the Jacobian,Equntion 6 becomes the follouwing:

2
w:ss pcosy)(%) Sinl)ﬂd)ﬁ'de'cuo'oocon(”))

95
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.

To express p by means of the new coordinates, we substitute Equa-

tion 2 into Equation | &nd express z by means of Equation 9, The result

12 Favaet 11e

=

0" n
p = k(5) (cos ¥ - cos ) e e e e (11)

where \f, 18 shown 1n Figure 1-As

Thus, Equation 10 becomes:

"
+ 2 2 o
n
W = k(-z-) : § § (cos ¥ -~ cos y?o)n

cos.yj si'ny: de d& . . .(12)

The integration with respect to 0 yfelds n 30
b n+2 Po n .
W o= k(g) oS (cos y» « cos P,) cosysinip do. . (13)

let 4 = cos )a-cos)oo and u, = cos)%

Then  cos o = (u + u,)

and - 8in )Od)o = du

So that Equation 13 becomes!

n+2
W ='n'k(%) (-1) 5)00 u" (u+u°)du
o

The resuit of the integration is:

p.N¥2 (1 - cos )n+2 (1 n+d
W= kiyx) , % + - cos )3) .
n+ 2 R cos Yo o o o 1M
d sf B sVW) = |
and since 7 - cos P, 7o N
96
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" which can be rsarranged so thati

n+l :
kn D - o 1
2(n+l) (1 E n+2) -001.00(16)

To express tha sinkage we neglect the second term, which 1s small when

compared to unity,

2{n+1) i 1—}—
A1 n
30 = ‘ ".g-k W-J‘ -..n-nco(]?)

Equation 17 gives less sinkage than Equation 16, so {t {s "in favor"

of the spherical wheel. When more accuracy is desired Equation 16 should

be used,

The previous calculation dealt with a spherical wheel, however,
Thus, & certain portion of the supporting surface, considered so far
was actually “missing". Therefore we will calculate the load which
the ﬁmis:ing" part would support and subtract it from Equation 16.

To this end we use Figure 3A which 1s a bottom view of the "missing"
surface. We make use of Equacion 12, The 1imits of {ntegratfon wiil

bs changed naturally.

N2

o
p "tz f n
Wy = k('i‘) Of » (cos = cos ¥o) cos psin, pdpd@ . .(18)

The evaluation of Equaetion 18 {s similar to thet of Equation 12

97
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n+d

.n -@-, D. fane , a — AnE it

W= 12 L) kg l“"‘ 71 T ro

n+ 2
(o0 » nrlo 1

B oy = 008

+ R o) 005 ¥

n + l 0 L ] [ *

The ungle ©; is e function of the sinkage. From Figure 3,A,

ﬁA = Zo t an \E/'l

and the radius of the smaller circle, defined by =z, i1

. (19)

.g.. sin P,
So
) z, tan p, (%"30)“”
1 m . ) gin }"o
and since . '
D - = A
%1_.{:_ tan P (Seo Figure 3A)
4 gin o
-l y .
81 = sin [’mo tan ?,\1 s e & & 0 s o (20)
thuss n+2 ' ]
-1 v~] *N' - . lﬂ'l
W, = |§ - st tan 1y \ k('g') (cos »y ~ €08 ) 005 »,
ten ry n+ 1 J
’ ® o ¢ @ (21) \
1 ‘ :
Donotes =z - si?-{..“_“__“,_l"‘f o e e s 0 4. (22) |
"f g ' tany, | _ {
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f
)

So thaty . a+1 ‘ n”[g €08 ¥y = €05 1)
i ' ) . - \\’4‘) -ﬁ' - " o [ QR S
Wy = o WD Cooapy - weayy Hnid)
N
lt n’ —
& 1n+1)
denote
% (c.uu@.f_1 - eos\p.) = 3& (Figuve Gehde o 0 o 4 (23)
Thens

z
w1=2 jl (n+2 +E¥'§"

The difference botwoon}o

31.30

) e e (20

andél, is con'nant. gay M , g0

that

.0!.0‘.0000(25)
Whence:

4 ep L Hed /J - o 2 "}Jo
J'I x&gf\d”o ¥ {Lﬂ_""z + ‘iﬁ_(j_

) s ee o (26)

, s+] | - 3, g (n+2)
v - Moty o
PP % e s fmde

(n+2)(n+1) (n+1)(n+2)

r w1 Jo * M (nt1)
-4 - D - 9
wl Zk(&n‘. 1") > 1
n

g'("""‘) ¢ 2 s o (27)

M
:,J,;M«J

~°
-
[
WY RO SIS AN
e A S A P




or apnroximataivy

nt+l

2 k(% .Myt D

w s /o (<
1 n + 1

-~
B>
€5
A1 4

Y
’ § ® & s 6 ® 0 ¢ ¢

It we neglect the second term fm the brackets im Equation 16

and subtraot Equution 28 from Bquation 16, we obtain the load:

n+1 n+1l |
wo g8 W - wl o %{%—H-) [“é-o - ?éu (20 - M) . 0(29)

The negleotions employed in Equations 16 and 28 partially cancel

the small errors introduced,

MOTION RESISTANCE ACTING AGAINST
A HEMISPHERICAL WHEEL

In the following it is assumed that the resistance of thoe
wheel 15 the sum of the resistances acting against infinitely
thin wheel-elements, whose diameter varies in accordance with
the Geometry of the sphe: i,

The resistance acting sgainst the motion of a cylindrical
wheel was shown by Bokker to bes (4),

k”rﬁfxﬁl.
n+ 1

b ¢ 4 4 & 0 & % o ¢ o o (30)

flere b 15 the width of the wheel. (Figure LA)
In the present problem b = dx, let us first derive the

resistance of the right hand part of the hemispherical wheel:

100
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k +1
R]nll'f’ln\l.r')n dx ........31
t = n+ 1
Lo (
Rl'-"%odr dex o o o 0 6 o 0 o & o o 32

this type of inmtegral has been solved by Bekker im his first
book, "Theory of Land Locomotion",

According to Bekkerxr, Equation 32 yleids the following!

om+ K
k § =n -
Rx- Iy .-S-_J.D jo : o o a o o o 33

113 +

2 -n , B
Rl‘:‘I‘TBTl -T—JDJO e o o s o s o 34

o

Next we tackle the left hand side of the hemispherical wheel, -

The follewing derivation involves the same mathematical steps

s those which wers referred t. with respoot to Equation 333

k 'B' , il
R e
2 v oi }

dX ¢« o o ¢ o 0 4 s o » 35

end 5(5/0‘-3/1)4'5 e s s o s o s e s v s s 36

where the meaning of the symbols is shown in Figure 5A,
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From the geometry of tha aiwnle i ri

a—vnmn #al
......... DICRTE R R, S

"vl';\)l"a-)oooo.ooo.o 37

07 - -———-‘—D d E—V --———-'D e o 0 36
dx = =% B - B) 3 ;.1/ T - & d

so, Equation 35 becomes

and

c E v ° - " 1
By - BN gg | [3 o -fjl - E)] J?j”faf % . f39‘
Let: , —— '
t ﬂjjvl - E hﬂnoe 2t dt ="d E » o cv o & 0 40
then */331 .
By = & WD oS - e TP

Expand ‘}o - " into a binomial series and take the

first two terms only, Then
k JZ]’ i
= g D ;B g2 ™ |
Rz [} OS ‘6"0 mtéro Y dt i 4 4 4 . e 42
which yields: :
n+1

n / | B
Bz-z'n—:"r-fb % élé_!}.ﬁ‘é.l_ }6 (3132:1.“‘ 43

i
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' dd th ,
and since the total resigtanco ij ﬁ} + ﬁa , We a e .

s we add the

right hand sides of Equations 34 and 43
: . : 1
| R = oy dﬁ)[:1r' Jo -+ %o ;51 :

4/

ne n . 3/2
2l 30.31,.} C e e 44

NUMERICAL EXAMPLE

Let n = 0,75, k = 4.5 and use the dimensions of the

0
actual model wheels, D = 18": )’ = 30 i while b = 6"

D = 16" for oylindrical wheols,

" Then the following table may be computed

TABLE 1-A
;@glnghl ~ N cylinder (l1bs,) W Hemispherical (1lbs)
1 05 72
2 203 232
8 340 : 431
4 485 ; 655
S5 644 _ 925
6 807 1163
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These numbers are plotted in Figure 1 of the report,
Table 11-A, . shows the motion resistance of the hemi-

spherioal wheels as a funotion of the slnkaqe;

- TABLE IT-A .

3@(1n.) RHemisph. (1bs.) RCyl. (1bs,)
1 9 15.4
2 43,4 51,6
3 11,0 - 104,0
4 206,0 174.0
5 327.0 - U255,0 ¢ o
6 489,0 354,0.

One can pair the load and resistance data caloulated at
the same sinkage to obtain the resistance vs, load plot,

This is shown in Figure 2 of the Report,

; T
RERVER
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FIGURE 2a.
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“APPEMDIX B

s« —

DISCUSSION OF STATISTICAL ANALYSIS

Var{ations in sofl cons{stency are inherent fn the sof}] masses used
{n this test and a suftable experimental desfgn {s essential to eliminate
this soil Inconsistency, as well as other veriabiiities {n experimental
conditions,

An fncomplete latin square, or Youden square, pian was selected to
fnsure that the natural varfabfifity would be eliminated or "averaged out',
This design would then permit vehicle performances to be evaluated with
sone degres of coenfidence, The experimental requirements for a Youden
square plan {n three replications invoiving three vehicle models are 3
soi1 mixes, arranged in 2 rows x 3 columns in each mix. This arrange=
ment results in each vehicle model being tested a total of 6 times in
each sofl condftion. The detailed statistical outline foilowed {5 de~
scribed fn Section 13,23, page 511, of “Experimental Designs' by Cochran
and Cox. {(5)

This Yanalysi{s of varfance' for the Youden square produces an ad-
justed average for each vechicle model, These averages are compared with
their estimated reliabflity or standard deviatfon, In addition, the
coefficient of variation for each vehicle model provides a measure of the

data "spread' for the vehicle under these experimental conditions.

‘*Prapared by L. Martin
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& A sccond numcrical measurement resulting from this analysfs f{s
the calculated Student's 't? value, This value reflects the level of
significence of the obscrved results in relation to the original hypoth~

esis and tables are readily available to refer the Student's 't® vaiue

&

directly to its probability distribution for specified degreas of free-

o

dam., The original hypothesis was stated as "!no performance differences

S

eamong vehicle models', When the Student's 't! value is referred to §ts

e

distribution (Prob t % t obs), this value for the probability indicates

the chance of securing the observed result, or a more extreme result,

e

for the difference if in fact there were no real differences between
the vehicles (hypothesis},
The following data taken from Table 4, 24 July will be used to

iilustrate the procedure for calculating the coefficient of variation

- and the Student's 't' value. Dp
E . ) Adjusted
.3 .‘:
: Concept A: 0.093
3
e Concept B: 0.190
. Standard Deviation: 0.00065
7, Standard deviation of Difference: 0.0093
- 5%
f% Student's 't1 = Difference (B - A) - 0(hypothesis of no difference)
4 Standard deviation of difference
(0.190 - 0.093) - 0 - .097 . .4
o 0.0093 . 0093
it - The "Analysis of Variance' also gives the degrees of freedom for
the estimate of experimental error being used, In these experiments
}fﬁ the degrees of freedom were 4 when based on 3 replications of the

basic plan,
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With these 2 values, U degrees of frcedom end Student's 't¥ of

!

|

. 10,4 the table reads Prob (t 2 t obs) = 0.01.

l .

{ Tha interpretation of P =& 0,01 in this case is that there {3

t

; onty a 0.01 probability of obtaining a result equal to or greater

. than 10.4 by "chance', This relatively low probability is an fndi-

cation that the original hypothesis was in error and there are dif-

ferences in performance between Concepts A and B,

I1 is custumary to set a probability level of P = 0,05, equiva-

lent to one chance in 20, of securing a significant result. While

it is realized that the observed resuits may still be due to chance

e if a P % 0,0 1s obtained, most scientists and layman are willing to
uf  i take such a risk (1 in 20) and declare that there are real differences
5:5 ! between the methods or techniques being compared,

;??I ! The coefficients of variation for the two concepts are calculated
e | as follows:

standard deviation of the difference

coefficient of variation =

{of the mean) 2 x concept average
. 0.0093
coefficient of variation (Concept A) = — = 7.1%

, (of the mean) 2 x ,093
: é' Coefficient of variation (Concept B) = 0.0033 = 3.6%
e (of the mean) 2 x 0.190

4

; These coefficients of variation are very low which indicates un-
" iform soil condi%ions. On 24 July, the day on which these data were
$j .taken, the test soil was dry sand which is the most uniform and manage-
y able of our test soils.
f!

The coefficient of variation is & measure of the uniformity of
test conditions and may be used as a ‘'yardstick' for determining the
number of replications necessary in any one test coundition,
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In considering Teble 4 as a whole it should be noted that 12 compar{sons
of differences are being made, Thus, even if there were no real diffcrences
for any of the three comparisons among vehicles it would not be surprising
to obtain at least one apparently significant difference. More specifically
in consideringc.- 5 alone, there are four comparisons made, Only one of
these four shows @ t value greater than two (t»2) and even this value
has a probability greater than 1 in 20 (actually P=0,08). These results
tend to give additional force to the general conclusion that under a

variety of conditions Concept C offers no apparent advantage in per.ormance

as measured by the criterion (0PA),




* APPENDIX C

CAMDTI R WERYSIT AN AMYANS
(VN o RILT I 1) TVar s Wesa WSV W 2 A da WY N
Equations Used 2
2 ntl
z = 8 w -® (] L . . . 10

bk J/D (3~-n)

-1
Dp = 3={n 1-2z c _,tan g} _ 3 Jz
—w--- 2.(3"") . [cos ( D )](kznv_'n + 1) (3—“)(“"1)JD o s 2‘

Date, 186 July i363

Soil Values Vehicle Datg
k, = 4.0 W = 2,940 1lbs,/wheel
k‘ = 4.5 D = 43.6 ia.
n = 0.54 b = 15 in.
c = 0,§
tan 6 = 0,54

k k
= £+t 84 _ 4.0 .
k = ) = —Tg + 4.5 = 4,77

Substitution in Cquations 1 and 2 ylelds

2
' 2,08
3 x 2,940 -
z = (15 x 4,77 x 6.6 x 2.46) 7 inches,
N D 3 % 6,6 - 14 0, - + 0,84
b = i Padiass Lo0s Caare )] @TEIes T 10540

3 x 2,65
T 2,46 x 1.54 x 6.6

“Prepared by L. Martin
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g

oo = 1,52 x 0.82 x 307 = 0,164

e W% A
CUAA SASO

MODEL DATA
D = 10.9 k= 3,75 * 4.5 = 5.57
b = 3,75
W = dependent variable
Sinkage of modol = Z, = 3,75 x 5,57 x 3.3 x 2.4¢

W « 95
2y = (5575)

=]
e~}

=

DP 3x33 -1,1 - 22 0,54
W 2 X 2,46 x o/ % [°°‘°“109)]5572*1.54

32
2,46 x 1,54 x 3.3
2 -1 z 0, 09 Nz
:J’;‘ [eo5 (1 - 3‘.‘3"5)] (:‘l',l“'"" + .350y .o T

Trial and Error solution resulted in a wheol welght of 120

lbs, giving a

—=) = 0,164 = ( )
v W Full size

Therefore, the total model weight used was 120 1bs./
wheel x 8 wheels = 960 1bs.
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During the later tests the tiwme consumed in calcu-
lating the correct model weights was too lengthy to con-
plete the testing in the same day and the same s0il conditions,
Therefore, it was agreed to sclect an arbitrary model weight
for test purposes and then calculate the corrosponﬁing full

gize gross vehicle weight (GVW), Then using a correction
W
factor Ef '

wWhere 'a calculated GV¥W - Curb weight

=
n

" design payload (10,000 1bs,)

the test data was corrected to

DP 1}
-— X A to reflect a true picture
W wt -

of the expected vehicle performance.

The same equations used for the scale model weight

were used for the "scaled"” GVW., The curb weight was taken

as a constant equal to the proposed concept weight ~ design

payload,

A sample calculation follows:
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LN

modeol Data
L "]

kc = 32.4 D = 10,9 4in,
k‘ = 0.3 b = 3.75 in.,
n = 0,8 W = 125 1bs,/wheel

[l
®»
=
G
i
o
tn
&

32,4
3.75

LI

8,95

x
1

+ 0.3

3 x 128

2

Model Sinkage = (3.75 x 8.95 x 3.3 x 2.2)

\276 g 1.4 in.

Dp 3 Y wl, ] - 1,4 0,43 . 0,59
v 3 xxz?zax 1.16 Coos (gt (95315 * T9
3 x 1,18 - N
- 2.2 X 1.8 X 3.3 - 1.91 X 0.73 X 00365 0.70
) = 0,240 \
Model
ize Vehicla Dntg
D = 43.6 ko= 2l 4 o003 = 2,46
b = 18§
"W = dependent
variable
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17
. Bl wiva eainbkauna = 7 SAW‘, T ~ ‘l
o TEET T EE e . SID X 4490 X 00 A Zo2
= 97

v _D_g m_é_v "‘1 1 -_.z’_. 0943 0.59
W = 2 X 2,2 XNz [008 ( 2108)] 2.46 zn *

1.6

3 Wz
202 x 1.8 X 6.6

e A8 [gosl(1 -z )] [<ME .325) . Yz
Sz o z T8t

| Tyial and Error solution resulted in a wheel weight

of 1,800 1bs., giving

! 5 = o.2d0 = (25
v Full size Model

; Therefore, the "scaled" GVW is 1,800 ibs./wheel x 0 wheels
= 14,400 1lbs,

The curb weight for the designed concept is 23,500 1bs,
- 10,000 1bs. = 13,500 1lbs,

Thus the "scaled"” payload (Wa) is 14,400 1bs, - 13,500
lbs = 900 1bs.

The correction factor to be applied to the test data

is Yo = 900 lbs. = 0.09
- 10, 00C 1bs.
t
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A complete table of correction factors and dates;

DATE CONCEPT B CONCEPT C CONCEPT A
22 July 0.34 ' 0.34 0.09
24 July 1.00 1.00 1,33
25 July 'scaled' GVW's < design curb weight

2 August 1.2 1,2 2,65

As seen in the table on 25 July the ‘'scaled’' GVW's for

all three ccncepts was less than the design curb weight

which was assumed to be the minimum possible vehicle weight.

Therefore, no correctioﬁ factor was calculable for 25 July,

The basic assumptions, and possible source of errors,
necessary for the preceding calculations are snumerateds
1. Rigid wheel equations were used.

2. Bulldozing resistance was neglected
DP = Ac + Wtan ¢ - R,

3. The wheel leaves a rut rasulting in ground con-
tact to the bottom of the wheel only,

4, SXnkggo 13 static sinkage instead of dyanamio,

5. The pressure between the whzel aad the soil was
.averagaed around the contact length.

6., The weight, in full size and m;dels. was distri-

.

buted equally on all wheels,
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Another source of error is that the wheel width b is

incorporated in the s0il strength parameter
k = §QVA+ kd

The vehicle sinkage is inversely proportional to
this parameter k. In some soils when kc was large and k‘
small the width b influenced k to the extent that the.soil
would be weak when seen by the full size vehicle and strong
for the model, This resulted in non-realistic weights need-

ed on the model to obtain enough sinkage to get equivalent

DP as that of the full size vehicle.
w .
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